Abstract-The permanent-split capacitor motor is well known for its good power factor, due to the permanently connected capacitor, and low starting torque. Therefore, this paper sets an extensive analysis of the impact of the capacitor size on motor starting and running characteristics. A model of the motor suitable for computer design is set, based on producer's data. For various capacitors, all motor parameters and characteristics are calculated. The capacitor size affects the starting torque i.e. the bigger capacitor, the higher the motor starting torque. FEM is applied for computing flux density distribution and motor torque for all motor models. Adequate conclusions from obtained results of all models have been derived.
I. INTRODUCTION
Permanent-split capacitor motors (PSCM) operate similarly to two-phase motors, as they have the main and auxiliary winding permanently connected to the power supply, meaning that the auxiliary winding and the capacitor are energized during both starting and running. This makes the permanent-split capacitor motor robust and reliable mainly because the centrifugal switch, which disconnects the starting winding from the power supply, is omitted. The auxiliary winding and the capacitor could be designed so that the motor works as a two-phase motor at any desired load with increased efficiency, and more quietly than the capacitor start single-phase motor. Although simple by construction, single-phase motors are rather complicated for mathematical modeling due to the elliptical rotating electromagnetic field, which can be modeled by revolvingfiled polygon technique used for efficient prediction of motor operating characteristics [1] - [2] . PSCM has a good efficiency and power factor, but rather poor starting characteristics. The starting torque is low for these types of motors, usually 40% to 150 % of the rated load torque. The dynamic capacitor in series to the auxiliary winding has been employed as an effective method for maximum torque operation by maintaining the main and auxiliary currents in quadrature to each other [3] . A triac-based drive with an optimal efficiency voltage controller is one of the methods that have been investigated for efficiency improvement of single-phase motors [4] . Symmetrical components theory and d-q axis theory had been used for computing the motor dynamic characteristics and asynchronous torque components by computing the envelope of the pulsating torque superimposed over the average electromagnetic torque which allowed accurate prediction of motor starting torque [5] . The impact of network harmonics and the response of the singlephase motor to the harmonic voltages had been analyzed as well [6] . Thermal behavior of this type of motor had been analyzed by implementing a procedure for thermal analysis, which allowed the temperature rise of the two different windings to be determined separately [7] . In this paper, the capacitance is varied in order to analyze its impact on the motor starting and running characteristics. Therefore, the motor model suitable for computer-aided design, based on the manufacturer's data (motor type FMR-35/6, company MicronTech), is set. The obtained output characteristics from this model are compared with data from the producer. The similarity of compared results verifies that the computer model is sufficiently accurate. Once the basic model (BM) of the motor, calculated for 6 μF capacitor, is proved to be sufficiently accurate, the capacitor is replaced with 8 μF and 10 μF consequently, thus obtaining the models M1 and M2 respectively. The obtained parameters and characteristics for all three models (BM, M1 and M2) are compared at the rated load, no-load, and locked rotor operation. The proposed analytical design of the motors (BM, M1 and M2) is verified in terms of the magnetic flux density distribution by FEM models of the motors. FEM has been proved to be a useful tool for motor analyses and design in normal or faulty operating conditions [8] . From the FEM models, magnetic flux density distributions in all motor models have been plotted, as well as the motor starting torque. The obtained results from the numerical models are compared with the analytical results, and adequate conclusions have been derived. The limitations of the new models are pointed out, and directions for future research are outlined.
II. ANALYTICAL MODELS FOR COMPUTER AIDED DESIGN

A. Methodology
The first step in defining the computer model for analytical calculation of the motor parameters and the characteristics is the entry of the exact motor geometry and properties of the motor windings (main, auxiliary, and rotor winding), based on the data from the motor producer, in the computer program capable of handling the complete analytical calculation that covers motor parameters and operating characteristics. The main and the auxiliary winding, made of copper wire, are placed in the main and the auxiliary stator slots, while the rotor winding is of squirrel cage type with the rotor cage made of aluminum. The 6 μF capacitor is permanently connected in the auxiliary winding during motor start-up, as well as during continuous operation of the motor. The motor cross-section is presented in Fig.1 . After the computer model is set, the motor analysis is run that gives an output data of the motor parameters and the operating characteristics of the basic motor model (BM) with 6 μF capacitor. In order accuracy of the BM to be verified, the output results are compared with the available data from the producer. This comparison is presented in Table 1 . Once the basic model has been verified as sufficiently accurate, the capacitor of 6μF is replaced consequently with capacitors of 8 μF and 10 μF, thus obtaining the models M1 and M2 respectively. As an output from these computer models, the motor parameters and the operating characteristics for all three models are obtained, thus allowing direct comparison of all three models. Electromagnetic torque can be found from its direct and inverse components, based on the double-field revolving theory [9] :
where p is a pair of motor poles, ω is angular frequency, Rsm is the main winding resistance and Im is the main stator winding current. Direct and inverse components on the impedance Z+ and Z-are found from:
Where Xsm-main winding leakage reactance, Rsa-auxiliary stator winding resistance, Xsa-auxiliary stator winding leakage reactance, Xmm-magnetizing reactance, Rrm-rotor winding resistance and Xrm-rotor winding leakage reactance and s is the motor slip. The calculation of the motor parameters is based on the motor geometry obtained from the producer.
B. Output results
The computer model that allows calculation of motor parameter and operating characteristics provides data for various operating modes of the motor, such as rated, no-load, and locked rotor operation. The comparison of the motor parameters for all three models at rated load operation is presented in Table 2 . at no-load operation, the operating characteristics of all three models are presented in Table 3 , also at locked rotor operation in Table 4 . The increase of the capacitance in the auxiliary winding of the permanent split capacitor motor is followed by the increase of the current in the auxiliary stator winding. The increase of the current in the auxiliary winding causes the increase of the motor line supply current, which consequently increases the stator copper losses. The capacitor's losses are also increased due to the increase of the current in the auxiliary winding. Consequently, the motor total losses are increased, and the efficiency factor is reduced. The computer model of the motor is set for constant power operation, meaning that the motor design should always allow operation of the motor with constant output power. As the output power (P2) in all three models should be maintained constant, the input power (P1) is gradually increased as a result of the increase of the total losses in the models M1 and M2. The efficiency factor-η is decreased by taking into consideration that:
Where P1 is the motor input power, and P2 is the output power. In all three models the rated mechanical output torque remains almost unchanged as the output torque and power are related with:
where nn is the rated speed in (rpm). The increase of the capacitance improves the motor power factor at the rated load operation. It also significantly increases the motor starting torque. Changing the capacitance can affect the motor temperature rise. Therefore, current density in the main and the auxiliary winding is calculated for all three models. From the presented results in Table 2 , the current density in both stator windings and for all motor models is within the recommended range for a good motor design, namely 3-5 A/mm 2 . Therefore, a significant temperature rise is not expected in the third motor model, although the capacitor is replaced with 10μF. It should be noted that model M3 has the best overloading capabilities as the maximum torque is increased from 0.86 Nm in the BM to 0.89 Nm in the M3. The detailed characteristics of the motor operation for various speeds is presented in Figs 2÷4. Fig.2 presents the motor output toque while Figs. 3 and 4 present the motor efficiency and power factor at various speeds. The typical numbers related to the motor characteristics (torque, efficiency, and power factor) at rated speed, and at motor starting are additionally outlined on the abovementioned figures. The efficiency factor versus load is presented in Fig.5 for all three models. As expected, the variation of the capacitance in the permanent split capacitor motor affects the motor starting and the running characteristics. The starting torque is improved, i.e. increased, while the efficiency factor at rated load operation is decreased. 
III. FEM MODELS
A. Methodology
Over the last years, as a rule, the design of the electrical machines is supported by numerical analysis, often based on the method of finite elements. Maxwell's set of equations is solved by dividing the machines cross section into numerous elements, where, in each element the magnetic vector potential A is found and consequently the distribution of magnetic flux density B. The calculation of magnetic flux density in various parts of motor construction by using the analytical approach is often not sufficiently accurate as it is based on certain approximations. Therefore, the exact motor geometry is input in FEM software together with the properties of all materials allowing accurate calculation of the magnetic flux density distribution in the complete cross section of the motor. By appropriate interpretation of the obtained results, an adequate conclusion can be derived with respect to the core saturation in the basic motor model, as well as in the derived models with increased value of the capacitor. Even more, the numerical analysis can be used for calculation of various motor parameters, like the motor starting torque. The FEM discretization of the domain of the analyzed object produces a set of matrix differential equations. They are solved with the time decomposition method (TDM). The domain is decomposed along the time axis, and all time steps are solved simultaneously instead of solving them time step by time step. As an output from the FEM model motor, the starting toque is obtained for all three motor models. The obtained results are compared with the ones from the analytical calculation for the purpose of verification of the motor models and their accuracy.
B. Output results
The FEM analysis is run for all three models and magnetic flux density distribution in the motor cross-section is obtained for the rated load operating mode (Fig.6 ). From the results presented on Fig. 6 it can be concluded that the capacitor size does not have significant influence on the magnetic flux density distribution, and the core saturation. For all three models the obtained results of the flux density are within the recommended intervals for a good motor design i.e. less than 1.8 T for the stator's and the rotor's teeth, and within 1.3 ÷1.5 T for the stator's yoke. Fig.7 presents the starting torque for all motor models. The results presented in Fig.7 are calculated for one constant motor speed using the time stepping method, and they do not represent transient characteristics at motor acceleration.
The average value of torque, after transients are suppressed, is also calculated and presented in Fig. 7 . Table 5 presents the comparison of the obtained values of the starting torque from the analytical models, and the FEM models. The comparison presented in Table 5 verifies the similarity of the obtained results from the analytical and the numerical model with respect to the motor starting torque. The analyzed torque characteristics in the analytical and the numerical motor models do not take into account the presence of the harmonics in the main and the auxiliary stator winding. Good study of the effect of the harmonics in both windings on the motor torque is presented in [10] , where it is elaborated that the presence of the strong 3 rd harmonic in the auxiliary winding is practically not observable in the motor torque as long as the 3 rd harmonic in the main winding is low. A low winding factor for the n th harmonic of the main winding eliminates the corresponding harmonic torque [10] . 
IV. CONCLUSION
The paper presents the effect of the size of the capacitor in the auxiliary winding on the running, and the starting characteristics of the permanent split capacitor motor. From the presented results, it is observed that the starting torque is increased with the increase of capacitance, while the rated torque remains almost unchanged. The supply current is increased by the increase of the capacitance, while the efficiency factor is decreased at rated load operation, mainly due to increased capacitor losses. The power factor is increased by the increase of the capacitance as well. Changing the capacitor value affects both the running and starting characteristics. It is a compromise between these two operating modes, as improving the starting characteristics deteriorates the running characteristics. Finally, an attention should be paid on motor temperature rise due to the increase of the capacitor. A temperature model and follow up of the current density in the motor windings in such cases is recommended. 
